Abstract-A novel bidirectional ac-dc multilevel converter based on four quadrant switches is proposed. This new converter can establish nine voltage levels downstream the coupling filter used to interface with the power grid, and, comparing with conventional two-or three-level converters, it operates with improved ac-side current, both for operation as active rectifier (on-grid), grid-tied inverter (on-grid) or voltage inverter (off-grid). A detailed description of the converter is exhibited, highlighting its main advantages according to the applications where it can be employed in smart grid scenarios. In order to confirm its viability, a considerable set of results is presented and discussed, establishing an overall comparison with conventional converters. Moreover, the proposed converter is validated operating as active rectifier, as grid-tied inverter, and as voltage inverter, controlled in closed-loop by current or voltage. The details of the proposed power converter hardware and the implementation of the digital algorithm, based on a fixed switching frequency structure, are clarified and discussed throughout the paper.
INTRODUCTION
Active rectifiers or power factor correction (PFC) topologies offer a dominant solution in the industrial electronics sector to prevent power quality problems in single-and three-phase interfaces [1] [2] [3] . A high power factor and a reduced harmonic distortion in the ac-side current are notorious advantages in counterpart of the usual passive rectifiers [4] [5] [6] . A complete assessment of converters for active rectifiers is offered in [3] , highlighting unidirectional and bidirectional interfaces, buck-and boost-type structures, multilevel characteristics and interleaved arrangements, as well as operation in isolated mode. Similar studies can be found specifically for bridgeless structures [7] [8], Vienna-type topologies [9] , and cascade converters [10] [11] . Considering all of these characteristics, multilevel converters have a special interest, since an improved ac-side current can be achieved increasing the voltage levels, which are resultant from the association of power devices and voltage sources [12] [13] .
The essential circuits and control schemes for multilevel configurations are presented in [14] and [15] , analysis of multilevel configurations for different industrial purposes are presented in [15] and [16] , a review of multilevel converters with reduced number of power devices is presented in [17] , and comprehensive reviews of modular multilevel converters are presented in [18] and [19] . Besides a high power factor and a reduced harmonic distortion in the ac-side current, reduced power losses and voltage stress in the switching devices can be achieved by employing topologies based on multilevel converters. Since the number of voltage levels is directly proportional to the required hardware (e.g., voltage sensors), usually, the number of distinct voltage levels is limited for industrial applications. Examples of multilevel converters proposed in literature include a five-level Vienna rectifier for electric vehicle battery chargers [20] , a nine-level topology based on a neutral point clamped structure for motor drivers [21] , a cascade multilevel structure based on the series connection of H-bridge units [22] , a multilevel converter for a universal series-parallel conditioner [23] , a five-level flying capacitor topology for motor drivers [24] , a nine-level cascaded-transformer converter for grid-tied applications [25] , a seven-level active rectifier constituted by asymmetrical H-bridge cells [26] , a five-level diode-clamped arrangement for ac-ac converters [27] , a cascade multilevel employing a single dc-source [28] , a single-stage multilevel converter with a full-bridge-based structure [29] , and a five-level H-bridge configuration for active conditioners [30] .
In the context of multilevel converters, a single-phase bidirectional nine-level converter is proposed in this paper. The circuit topology is presented in Fig. 1 for a grid interface, i.e., allowing an operation as active rectifier or grid-tied inverter. A similar multilevel converter is proposed in [31] , but for five voltage levels and where a four-quadrant switch is employed based on four diodes and a switching device. An improved topology based on two diodes and two switching devices is proposed in [32] for unidirectional and in [33] for bidirectional systems, but both for five-levels. In this follow-up, a seven-level converter is proposed in [34] also employing four-quadrant switches based on four diodes and a switching device. A nine-level converter is proposed in [35] , but also employing four-quadrant switches based on four diodes and a switching device. In all of these cases, the current flows by two diodes and by a switching device, i.e., the double of diodes and switching devices are required when comparing with the proposed converter in this paper. A nine-level converter based on stacked multilevel concepts is proposed in [36] , but it requires a complex structure of cascade stacked flying capacitors and coupled inductors. A nine-level converter based on a cascade H-bridge is proposed in [37] , but it requires a low-voltage and a high-voltage h-bridge with a single dc-source. Summarizing, this paper proposes a nine-level converter with reduced number and optimized utilization of switching devices, and with the possibility to operate in bidirectional mode, which is an interesting feature for industrial applications, e.g., for back-to-back structures, electric vehicle battery chargers for smart grids, and indirect ac-to-ac converters.
The paper is organized as follows: Section II exhibits the nine-level converter, establishing a comparison with conventional three-, five-, and seven-level converters; Section III introduces the control algorithm based on a fixed switching frequency; Section IV presents and discusses the obtained results; Section V closes the paper with the conclusions. Fig. 1 shows the evolution from the classical bidirectional three-level full-bridge converter to the proposed nine-level converter, passing from five-and seven-level structures. Among the large variety of state-of-the-art multilevel converters, the presented ones were selected aiming to establish a parallelism with the proposed converter, both in terms of front-end structure (H-bridge) and split dc-link. The converter presented in Fig. 1(a) is the simplest in terms of hardware and control algorithm, however, it is a three-level converter requiring an appropriate arrangement for the coupling passive filters in order to eliminate the high-frequency switching harmonics. In this converter, at least, each switching device should be selected for a voltage vdc and a current ig. Aiming to improve the ac-side current and to reduce the arrangement for the coupling passive filters, an improved five-level converter is presented in Fig. 1 (b) [32] , employing a single four-quadrant switch composed by two diodes and two switching devices. In this converter, the switching devices aT and aB of the full-bridge should be selected for a voltage vdc and a current ig, and the remaining switching devices and diodes for a voltage vdc/2 and a current ig. Applying the same reasoning of a split dc-link, a seven-level converter is presented in Fig. 1 (c) [34] , employing two four-quadrant switches, each one composed by four diodes and a switching device. The maximum voltages and currents for each switching devices and diode is very similar to the previous case. Deriving from the previous topologies, the proposed converter is presented in Fig. 1(d) . As shown, it is constituted by three four-quadrant switches, each one composed by two switching devices. In this converter, the switching devices of the full-bridge should be selected for a voltage vdc and a current ig, the four-quadrant switches formed by cT-cB and eT-eB for a voltage 3vdc/4, the four-quadrant switch formed by dT-dB for a voltage vdc/2, all for a current ig.
II. THEORETICAL ANALYSIS: STRUCTURE OF THE NINE-LEVEL CONVERTER
Considering as example the three-level converter presented in Fig. 1(a) , and using an inductor as coupling filter, the required value of inductance is determined as function of the current ripple (Δig), switching frequency (fs) and dc-link voltage (vdc) voltage as:
.
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Comparing with the nine-level converter (cf. Fig. 1(d) ), and considering the same value of inductance the current ripple is reduced for Δig/4. Therefore, if it intended to maintain the same value of Δig, then the inductance value can be reduced 25% comparing with the classical approach. The functional voltage levels of the bidirectional nine-level converter are presented in Fig. 2 . As presented in Table I , the voltage levels are designated according to the state This is valid for both for active rectifier (on-grid), grid-tied inverter (on-grid) or voltage inverter operation (off-grid). The illustrations of the IGBTs switching sequences are presented in Fig. 3 . These switching sequences, which are in accordance with Table I , are presented for the positive (cf. Fig. 3(a-e) ) and for the negative (Fig. 3(f-j) ) half-cycles. In the positive half-cycle, the IGBT aT is always ON and the IGBT aB is always OFF, and in the negative half-cycle the IGBT aB is ON and the IGBT aT is OFF. The dc-link voltage balancing is obtained selecting the proper state of the converter to charge or discharge each capacitor. It is imperative to note that for a bidirectional process, it is necessary to use all the switching devices (IGBTs), however, for a unidirectional operation, for instance, just for applications of active rectifiers, some IGBTs (e.g., aT and aB) can be substituted by diodes, maintaining the same principle of operation. Fig. 3 shows the pair of IGBTs used to form each four-quadrant switch (cf. cT-cB, dT-dB, and eT-eB). These IGBTs are switched at the same time, however, a strategy to switch a single IGBT and use the reverse diode of the other IGBT can be adopted, resulting in a more complex control strategy and required hardware. Taking into account this reason, for the four-quadrant switches it was adopted the strategy of IGBTs with a common emitter configuration to facilitate the implementation of the IGBTs gate-drivers in both active rectifier (on-grid), grid-tied inverter (on-grid) or voltage inverter operation (off-grid) operation. Since the IGBTs aT, aB, bT, and bB are used to defined the voltage levels +vdc, 0 (with a redundant state), and -vdc, the pairs of IGBTs cT-cB, dT-dB, and eT-eB are used to define the intermediary states 3vdc/4, vdc/2, vdc/4, -vdc/4, -vdc/2, and -3vdc/4.
III. DIGITAL CONTROL ALGORITHM BASED ON A FIXED SWITCHING FREQUENCY
With a digital control executed with a fixed sampling and switching frequency and a pulse-width modulation (PWM) strategy based on a single unipolar carrier, it was indispensable to implement a scheme to modify the reference voltage defined by the current or voltage control strategy (cf. section II). The scheme used to modify the reference (vML*) used to compare with the PWM carrier is presented in Fig. 4 . The reference voltages vML1* and vML2* are obtained from the original signal vML*, where, the sum of vML1* with vML2* results in vML*. Throughout the positive half-cycle, the 4 -v dc reference vML1* is compared with the carrier to define the voltage levels 0, +vdc/4, +vdc/2, and +3vdc/4, and throughout the negative half-cycle to define the voltage levels -vdc/4, -vdc/2, -3vdc/4 and -vdc. Throughout the positive half-cycle, the reference vML2* is compared with the carrier to define the voltage levels +vdc/4, +vdc/2, +3vdc/4 and +vdc, and throughout the negative half-cycle to define the voltage levels 0, -vdc/4, -vdc/2, and -3vdc/4. Fig. 5 
where the reference current is determined by: * = √2 sin ∅ .
with pdc defined by the operating power and VG by the rms value of the grid voltage. During the operation with voltage control feedback, the control law applied to attain the reference voltage vML* is achieved as:
with vg* determined by the required voltage of the connected load. The reference voltage vg* is determined according to the application. For instance, in motor driver applications, the reference voltage is adjusted according to the control algorithms and in uninterruptible power supplies (UPSs) the reference voltage is determined by the rms value of the grid voltage. It is important to highlight that the nine-level converter can be controlled by other current or voltage strategies maintaining the same modulation. For instance, proportional-integral, sliding mode, or predictive strategies can be applied in the feedback control maintaining the same features of the nine-level converter.
IV. ANALYSIS AND SIMULATION
The validation was considered during the operation as active rectifier (on-grid), grid-tied inverter (on-grid) or voltage inverter operation (off-grid). Fig. 6 and Fig. 7 shows the obtained results during the operation as active rectifier (on-grid) and grid-tied inverter (on-grid). A simulation model was developed in PSIM for a rms nominal grid voltage of 230 V, a dc-link voltage of 400 V, and a maximum active power of 3.5 kW. For the grid coupling filter, it was selected an inductor with nominal value of 1 mH, and four capacitors with a total capacitance of 3 mF for the dc-link. The design of the passive filters, as well as the assessment of the voltage and current control feedback in steady-and transient-state are out of the scope of this paper, since, several strategies with advantages/disadvantages can be adopted for numerous purposes. The operation as active rectifier was validated, since the converter can be adopted in different applications, e.g., for electric vehicle battery chargers and power factor correction topologies. As active rectifier, the nine-level converter operates as a voltage-source converter controlled by current, i.e., the grid imposes the voltage and the ac-side current is controlled according to the operating power of the application. Fig. 6 shows the results during this mode considering an operating power with a sudden variation of 50% from about 3.3 kW to 1.6 kW. As it can be observed, the ac-side current (ig) is sinusoidal and in phase with the grid voltage (vg), and the nine-levels are established in the output voltage of the converter (vML). The operation as grid-tied inverter was also validated, since the converter can be used for different applications, e.g., as inverter for renewables. Also in this case, the nine-level converter operates as a voltage-source converter controlled by current, but injecting a current into the power grid, since the grid imposes the voltage. Fig. 7 shows the results in this mode considering an operating power with a sudden variation of 50% from about 3.3 kW to 1.6 kW. In this case, the nine voltage levels (vML) are established and the ac-side current (ig) is also sinusoidal, but in phase opposition with the voltage. The nine-level converter was also validated considering a back-to-back configuration, where a converter operates in active rectifier mode and the other in inverter mode (e.g., for applications of on-line UPSs, voltage inverters of isolated systems, or for motor drivers). Therefore, it was possible to validate the nine-level converter operating as a voltage-source converter controlled by voltage. In this case, besides the aforementioned values for the grid side in terms of voltage and current, a rms voltage of 230 V and an apparent power of 1.2 kVA were considered. In the electrical appliances side, it was selected an LC filter with an inductor of 1 mH and a capacitor of 5 µF. Fig. 8(a) shows the back-to-back configuration employing two nine-level converter, sharing the same dc-link. Aiming to consider a real scenario of application, one of the converters was connected to the power grid (controlled by current) and the other to a set of nonlinear electrical appliances (controlled by voltage). In this scenario, the nine-level converter imposes a sinusoidal voltage even with a current with a high-level of harmonic distortion. Fig. 8(b) and Fig. 8(c) show the obtained results for ac voltages (vg and vea), ac currents (ig and iea), and voltage levels (vMLx and vMLy) for both operating modes. In the grid side, the voltage (vg) has a THD of 1.9% and the current (ig) a THD of 0.9%. In the electrical appliance side, the voltage (vea) has a THD of 1.1% and the current (iea) a THD of 79.2%.
V. CONCLUSIONS
A single-phase bidirectional nine-level full-bridge converter, based on four quadrant switches and a split dc link, is proposed as a contribution to improve power quality issues. A comprehensive explanation of the digital implementation is presented and discussed throughout the paper. By selecting the precise distinct switching sequences, the multilevel converter has the ability to state nine voltage levels throughout the positive and negative half cycles. The validation was conducted considering the nine-level converter operating as active rectifier (on-grid), as grid-tied inverter (on-grid) and as voltage inverter operation (off-grid) controlled in closed-loop by current or voltage. The obtained results show the advantages and viability of the proposed converter for a wide range of industrial applications in smart grid scenarios. 
